By homologous recombination of an internal ribosome entry site and Cre recombinase coding region into the 3Ј-untranslated region of the mouse Emx1 gene, we have generated a strain of mice, Emx1
Recent studies suggest that the vertebrate cerebral cortex primordium (pallium) is subdivided into at least four primary progenitor zones, medial, dorsal, lateral, and ventral, giving rise to the hippocampus, neocortex, piriform cortex, and parts of the endopiriform nucleus and amygdala, respectively (Puelles et al., 2000) . Furthermore, there is now evidence that these regions integrate glutamatergic projection neurons and astroglia produced by radial glial cells present in pallial progenitor zones and GABAergic local circuit neurons produced in subpallial progenitor zones (for review, see Marin and Rubenstein, 2001) . Some cortical oligodendrocytes also appear to be produced in the cortex, although others may be derived from a subcortical source (Spassky et al., 1998) . Additional fate mapping and lineage analysis will be useful in testing these ideas.
Site-specific DNA recombinases are a useful tool for lineage analysis (Yamauchi et al., 1999; Chai et al., 2000) . In this strategy, a transgenic mouse strain expressing a site-specific DNA recombinase (e.g., Cre) in a subset of cells is bred with a transgenic "reporter" strain in which the reporter gene is only expressed after deletion of DNA sequences by the recombinase. Thus, offspring having both the recombinase and reporter transgenes express the reporter in cells whose ancestors expressed the recombinase at a previous developmental stage, even if recombinase expression was transient.
To study lineage relationships in the cerebral cortex of mice, we used the Emx1 gene to drive expression of the Cre recombinase. Emx1 encodes a homeodomain protein whose expression is restricted primarily to cortical subdivisions of the telencephalon (Simeone et al., 1992a,b; Briata et al., 1996; Gulisano et al., 1996; Puelles et al., 2000) . Emx1 is expressed in both progenitor cells and postmitotic neurons of the medial, dorsal, and lateral pallia; expression is not detectable in the ventral pallium during early stages of development. Neuronal expression in the cortex is restricted to projection neurons (Chan et al., 2001) . Mating this Emx1
IREScre strain to Cre-dependent reporter strains defines lineage relationships between cortical neurons and glia and sheds light on the origins of the cellular constituents of several major telencephalic structures.
MATERIALS AND METHODS
Generation of targeting construct. An Emx1 cDNA fragment (Qiu et al., 1996) was used to isolate a genomic clone containing the last Emx1 exon. An improved internal ribosomal entry site IREScre gene (Gorski and Jones, 1999) followed by an FRT site-flanked PGKneo selectable marker was inserted into an XhoI site located 120 bp 3Ј of the Emx1 stop codon. The FRT-PGKneo-FRT cassette was generated by annealing oligonucleotides containing FRT sites (FRTN EO linker: 5Ј-C TAGAATTCG-AAGTTCCTATTCCGAAGTTCCTATTCTCTAGAAAGTATAGG-AAC TTC -3Ј and 5Ј-AATTGAAGTTCC TATAC TTTC TAGAGAAT-AGGAACTTCGGAATAGGA ACTTCGAATT-3Ј; FRTNEOB linker:  5Ј-AGCTCGAAGTTCCTATTCCGAAGTTCCTATTCTCTAGAAAG-TATAGGAACTTCAAGCTTGGCCGCGGAGCTCGGGCC-3Ј and 5Ј -CGAGCTCCGCGGCCAAGCTTGAAGTTCCTATACTTTCTAGA-GAATAGGAACTTCGGAATAGGAACTTCG-3Ј) followed by ligation to the EcoRI-HindIII PGKneo fragment from pGEM7(KJ1) (Rudnicki et al., 1992) .
Isolation of mouse strain and genetics. All animal procedures were conducted in accord with U.S. Public Health Service guidelines and with the approval of the University of Colorado Institutional Animal C are and Use Committee. Targeted embryonic stem cell clones were identified and injected into blastocysts, and mice carrying the mutation were derived using standard methods. Four strains were isolated from independent stem cell clones; all displayed indistinguishable patterns of recombination when mated to reporter strains. One of the four strains was mated to the FL P-4917 Flp recombinase-expressing transgenic strain (Dymecki, 1996) to eliminate the PGKneo selectable marker. The resulting Emx1
IREScre mice were backcrossed four to eight generations to C57BL /6J and bred to the reporter strains, and offspring were genotyped using PCR.
Western blotting. Emx1 protein was quantified from the neocortex of perinatal (P0) wild-type (n ϭ 4) and Emx1
IREScre homozygous (n ϭ 3) pups. Protein (15 g) was transferred and incubated with an anti-Emx1 antibody and normalized to anti-NeuN (Molecular Probes, Eugene, OR) using the Odyssey detection reagents and software (Li-Cor Biosciences, Lincoln, N E).
Histochemistr y and immunohistochemistr y. Procedures for 5-bromo-4-chloro-3-indoyl-␤-D-galactopyranoside (X-gal) staining and immunocytochemistry were as described previously (Vigers et al., 2000) . Primary antibody sources were as follows: anti-␤-Gal (a gift from C. Yee and T. Finger, University of Colorado Health Sciences C enter), anti-␤-Gal (IC N Pharmaceuticals, Auroria, OH), anti-calretinin, anti-calbindin, and anti-ChAT (Chemicon, Temecula, CA), anti-GABA, anti-neurofilament, and anti-parvalbumin (Sigma, St L ouis, MO), anti-NeuN (Molecular Probes), anti-Rip and anti-RC2 (Developmental Studies Hybridoma Bank), and anti-S100 (Dako, Glostrup, Denmark). Alexa 488 goat antimouse IgG antibody and Alexa 546 goat anti-rabbit IgG antibody (Molecular Probes) were used for detection. Sections were coverslipped with Fluoromount (Fisher Scientific, Pittsburgh, PA), and images were captured using an Axioplan deconvolution microscope (Z eiss, Germany) with an attached Hamamatsu C4742-95 digital camera (Hamamatsu, Bridgewater, NJ) running Openlab software (Improvision, Coventry, UK).
RESULTS

Insertion of an IREScre into the Emx1 3-UTR
Homologous recombination was used to insert an IREScre gene into the exon encoding the 3Ј untranslated region of the mouse Emx1 gene, thereby generating bicistronic messenger RNAs encoding both the Emx1 and Cre proteins ( Fig. 1 A, (Qiu et al., 1996; Yoshida et al., 1997 ) (n ϭ 3; data not shown). There was no apparent reduction of Emx1 protein in the neocortex of Emx1
IREScre
/Emx1
IREScre neonates compared with wild type (Fig. 1C) . Thus, by both genetic and biochemical criteria, insertion of IREScre did not interfere with the function of the Emx1 gene.
Emx1
IREScre -mediated recombination in specific telencephalic domains
To characterize Cre recombinase expression, we mated Emx1
IREScre mice to the R26R strain (Soriano, 1999) . In the R26R strain, Cre-mediated recombination enables expression of lacZ-encoded ␤-Gal. X-gal staining of embryonic day (E) 10.5 Emx1 IREScre ;R26R embryos revealed recombination in the dorsal telencephalon, maxillary branch of the first branchial arch, cranial ganglia VII/VIII and IX/X, and limb ectoderm ( Fig. 1 D, E) . These results are consistent with reported sites of Emx1 expression (Simeone et al., 1992a,b) .
At E12.5 nearly every cell of the proliferative and postmitotic zones in the medial, dorsal, and lateral pallia had undergone recombination ( Fig. 1 F) . Dorsomedially, recombination included the fimbria (cortical hem) and part of the choroid plexus (Fig.  1G ). In the ventral pallium, scattered periventricular cells expressed ␤-Gal along with cells that extended radially into the mantle and seemed to accumulate subpially ( Fig. 1 H, I ). In the subpallium, scattered groups of radially oriented recombined cells were apparent in the lateral and medial ganglionic eminences (LGEs, MGEs), with variable numbers in different embryos analyzed (data not shown). Extensive recombination was found in a layer of subpial cells in the mantle of the LGE and MGE. Thus, recombination in E12.5 Emx1 IREScre ;R26R embryos was detected not only in all areas of the forebrain reported previously to express Emx1 mRNA, but also in the ventral pallium and in a small subset of LGE and MGE cells.
In the adult, reproducible (n ϭ 4) and extensive recombination was seen in the cortical and ependymal layers of the derivatives of the lateral pallium (piriform cortex) ( Fig. 2 B-E), dorsal pallium (medial limbic allocortex and neocortex), and medial pallium (hippocampal structures) ( Fig. 2 E, F ). In contrast, only a subset of cells underwent recombination in putative ventral pallial structures (ventral endopiriform nucleus and parts of the amygdala) ( Fig. 2 B-F ).
In the rostral telencephalon, recombination was present in the olfactory bulb, orbital cortex, anterior olfactory nuclei, indusium griseum, and tenia tecta (Fig. 2 A, B) . The olfactory bulb had extensive recombination in the mitral cell layer and partial re- combination in the granular, internal plexiform, and periglomerular layers. In the septum, the septohippocampal, septofimbrial, and intermediate lateral septal nuclei contained the highest proportion of recombined cells, whereas the main lateral septal nuclei (dorsal and ventral parts) had a lower density, and the medial septal area was negative (Fig. 2C) .
In central and caudal regions of the telencephalon, the entire hippocampus, neocortex, and layer II of piriform cortex showed extensive recombination, whereas subcortical structures had only a few recombined cells. The pallial structures that are located between the piriform cortex and the striatum showed a mixed phenotype. Although the dorsolateral claustrum and dorsal endopiriform nucleus showed extensive recombination, the ventral endopiriform nucleus and adjacent deep layer III of the piriform cortex had only scattered X-gal-positive cells (Fig. 2 B, C) . More caudally, this region contains pallial portions of the amygdala. Recombination was detected in a subset of cells in the lateral, basolateral, and basomedial nuclei of the amygdala (Fig. 2 E, F ) . Superficially, the cortex-amygdala transition zone, the anterior and posterior cortical amygdaloid nuclei, layer II of the nucleus of the lateral olfactory tract, the bed nucleus of the accessory olfactory tract, and the entorhinal cortex contained blue cells. In addition, the posteroventral part of the medial amygdala, together with the associated amygdalo-hippocampal area and amygdalopiriform area, were also X-gal positive (Fig. 2 D) . In contrast, very little recombination was detected in a large part of the anterior amygdaloid area and intercalated amygdaloid cell masses (Fig.  2 D) . No recombination was detected in the ventral endopiriform nucleus (Fig. 2 B) , the central amygdaloid nucleus (striatal amygdala), the bed nucleus of stria terminalis (pallidal amygdal), and the posterodorsal part of the medial amygdaloid nucleus (Fig. 2 E) .
Outside of the telencephalon there was little recombination in the brain. The thalamus contained a few scattered recombined cells, possibly from the forebrain/midbrain boundary of the dorsal diencephalon. A few scattered recombined cells in the hypothalamus, habenula, midbrain, and hindbrain were observed (Fig. 2 E; and data not shown). Within the midbrain, a subset of cells in the superior colliculus and the periaqueductal gray were recombined (data not shown).
Emx1 and neuronal cell lineages in the telencephalon
To further identify cells undergoing recombination in Emx1
IREScre ; R26R mice, we performed double-label immunofluorescence. In cortex and hippocampus, although many NeuN ϩ cells (a marker for neurons) (Mullen et al., 1992) were also ␤-Gal ϩ (88% in visual cortex; n ϭ 1567 cells), 12% were not. Because of the evidence supporting an extracortical origin for many GABAergic inhibitory interneurons (Marin et al., 2000) , we analyzed the relationship between ␤-Gal and interneuron markers in Emx1 IREScre ;R26R mice. There was little evidence for colocalization of GABA and ␤-Gal in the visual cortex (Fig. 3A-C) , where Ͻ2% of GABA ϩ neurons expressed ␤-Gal, and no evidence for recombined parvalbumin and calretinin-positive cells (n ϭ 2 mice; 100 -135 cells scored per mouse per marker). Afferent fibers may have contributed the faint GABA staining responsible for scoring the few cells as positive. Consistent with these observations in adult mice, we found that calbindin (expressed by precursors of cortical GABAergic neurons) and ␤-Gal were not colocalized in E12.5 Emx1 IREScre ;R26R cortical plate (Fig. 3 D, F ) . The absence of ␤-Gal in GABA ϩ cells was not caused by an inability of the R26R reporter to express in these cells, because ␤-Gal staining was readily detected using a different Cre transgene that caused recombination in these cells (data not shown).
As a second approach to determine whether interneurons are generated outside the Emx1 lineage, we analyzed ␤-Gal expression in Emx1 IREScre ;Z/AP mice, which express ␤-Gal in cells that have not undergone Cre-mediated recombination and express alkaline phosphatase in cells that have (Lobe et al., 1999) . We found that near-identical proportions of GABA-positive cells were ␤-Gal positive in Z/AP and Emx1 IREScre ;Z/AP mice (80 and 77%, respectively; n ϭ 145 cells per genotype). Thus, analysis using both the Z/AP and R26R reporters indicates that all or nearly all GABAergic neurons originate outside the Emx1 lineage.
In adult Emx1
IREScre ;R26R striatum, a subpopulation of recombined cells expressed calbindin (Fig. 3G-I ), which is used as a marker for medium spiny neurons. On the other hand, recombined striatal cells did not express proteins characteristic of striatal interneurons, including choline acetyltransferase, neuropeptide Y, and parvalbumin (Fig. 3J-L) (n ϭ 2 mice; 100 -250 cells per mouse per marker).
In neocortical layer 1 of perinatal (P4) Emx1
IREScre ;R26R pups, we observed near-complete colocalization between ␤-Gal and calretinin, likely corresponding to Cajal-Retzius cells (Fig.  4 A-F detected with the RC2 antibody, had undergone recombination (Fig. 4G-I ).
Emx1 and glial lineages in the telencephalon ␤-Gal was expressed in cells in white matter structures of adult Emx1
IREScre ;R26R mice including the corpus callosum, fimbria of the hippocampus, and layer I of the neocortex (Fig. 4 M, N ) . The location and morphology of these cells (small soma with compact nuclei) are characteristic of myelinating oligodendrocytes (Birling and Price, 1998) . In contrast, very few cells in the anterior commissure expressed ␤-Gal (Fig. 4O) . Extensive colocalization of ␤-Gal and Rip (an antibody that recognizes oligodendrocytes and their processes) was apparent in the corpus callosum (Fig. 4 P-R) , indicating that oligodendrocytes had undergone recombination. Supporting this conclusion, Rip-positive oligodendrocytes in the corpus callosum of adult Emx1
IREScre ; Z/AP mice did not detectably express ␤-Gal, also consistent with recombination in oligodendrocytes (Fig. 4S-U ) . In Emx1 IREScre ; Z/AP mice, ␤-Gal expression was detected in blood vessels (Fig.  4V ) , indicating that endothelial cells had not undergone recombination.
We next sought to determine whether astrocytes are part of the Emx1 lineage. Because S-100-positive astrocytes did not express robust levels of ␤-Gal in brain sections prepared from fully Cre-recombined R26R mice (data not shown), we isolated astrocytes from the neocortex of perinatal (P1) Emx1 IREScre ;R26R pups and cultured them for 4 d in vitro. Under these conditions, all S-100-positive cells also expressed ␤-Gal, indicating that neocortical astrocytes had undergone recombination (Fig. 4 J-L) . To corroborate this result, S-100 ϩ /␤-Gal ϩ cells were not detected in the cortex of adult Emx1
IREScre ;Z/AP mice (data not shown).
DISCUSSION
The Emx1
IREScre mouse is a sensitive tool for determining the fate of Emx1-expressing cells. The specificity of this approach is supported by the fact that the Emx1 IREScre -induced recombination was primarily restricted to telencephalic regions known to express Emx1 mRNA and protein. Recombination was found in a few telencephalic regions that previously were not reported to express Emx1. These discrepancies could result from the high sensitivity of X-gal staining, transient expression of Emx1 mRNA IREScre ;R26R visual cortex probed with anti-␤-Gal and anti-GABA.
D-F, E12.5 Emx1
IREScre ;R26R pallium probed with anti-calbindin anti-
IREScre ;R26R striatum, probed with anti-␤-Gal and the other antibodies indicated. All sections are 10 m coronal. Arrows indicate double-labeled cells. IREScre ;R26R astrocytes probed with anti-␤-Gal and anti-S-100. M-O, X-gal-stained adult Emx1
IREScre ; R26R corpus callosum ( M ), fimbria ( N), and anterior commissure ( O).
P-U, Emx1
IREScre ;R26R ( P-R) and Emx1 IREScre ;Z/AP ( S-U) corpus callosum probed with anti-␤-Gal and anti-Rip. S, Arrow indicates blood vessel. V, Adult Emx1
IREScre ;Z/AP neocortex. Blood vessels and scattered cells (arrows) are X-gal stained. not previously noted, or migration of transiently Emx1-expressing progenitors. It is also possible that Emx1 is spuriously expressed because of the insertion of the IREScre, but this seems unlikely because mis-expression was not detected elsewhere in the animal.
Emx1
IREScre -induced recombination in regions of the pallium High levels of recombination were detected in progenitor cells and projection neurons of most regions of the pallium, including the medial, dorsal, and lateral pallium. Lower levels of recombination were present in the putative ventral pallial progenitors and their derivatives. In situ hybridization did not detect clear expression in the ventral pallium in midgestation mice (Puelles et al., 2000) . The derivatives of the ventral pallium have been hypothesized to include parts of the claustrum, endopiriform nuclei, and amygdalar complex (Fernandez et al., 1998; Puelles et al., 1999 Puelles et al., , 2000 . Within the amygdala, the basomedial, lateral, anterior, and intercalated nuclei are postulated to be produced in part by the ventral pallium (Puelles et al., 2000) . Here we found some support for this model (e.g., the ventral endopiriform nucleus and the anterior and intercalated amygdalar nuclei were mostly unrecombined) (Fig. 2 B-D) , but we also found a significant degree of recombination in the area of the claustrum and some recombination in the basomedial and lateral nuclei of the amygdala (Fig.  2C-F ) .
Two mechanisms may underlie the large number of recombined cells in these regions. First, either induction of Emx1 expression or tangential migration/intercalation of Emx1 ϩ progenitors from the adjacent lateral pallium can give rise to recombined clones in the progenitor zone of the ventral pallium. Notably, Fernandez et al. (1998) reported that the ventral pallium was Emx1 Ϫ at mid-gestation but later became Emx1 ϩ in the mouse. Second, tangential migration of recombined cells from more dorsal pallial regions could also contribute recombined cells to the ventral pallium. This type of migration has been observed in guidepost cells of the lateral olfactory tract (Tomioka et al., 2000) .
Emx
IREScre -induced recombination in regions of the subpallium
We were surprised to find occasional recombined cells in the subpallium at E12.5 because expression of Emx1 has not been reported previously in this region. The recombined cells have the appearance of radially migrating clones. The mechanisms underlying the origin of these recombined cells can be the same as discussed above for the ventral pallium. The fate of these cells could be the recombined cells found in the adult striatum, pallidum, central and medial amygdala, bed nucleus of the stria terminalis, and septal nuclei. Within the striatum, they do not appear to be interneurons, because no colocalization was detected between ␤-Gal and choline acetyl transferase, neuropeptide Y, or parvalbumin.
Identity of Emx
IREScre recombined neurons in the pallium
In the neocortex and hippocampus, ϳ88% of neurons underwent recombination. The vast majority of these must be projection neurons, because Ͼ98% of GABAergic local circuit neurons did not undergo recombination, indicating that Emx1 is not expressed at any time during development of these cells. A similar finding was reported by Iwasato et al. (2000) . This result extends recent studies suggesting that most GABAergic cortical neurons tangentially migrate from the subpallial telencephalon (for review, see Marin and Rubenstein, 2001) .
We showed that Cajal-Retzius cells originate within the Emx1 lineage. Previous studies have been contradictory about whether these cells are produced in the pallium or subpallium. Anatomical and marker expression analyses suggested that Cajal Retzius cells originate in the MGE (Lavdas et al., 1999) or have a pallial origin behind the olfactory bulb (Meyer et al., 1998) . However, genetic analyses of transcription factors expressed in the pallium and subpallium have suggested a pallial origin (Sussel et al., 1999; Marin and Rubenstein, 2001 ).
Identity of Emx1
IREScre recombined glia in the pallium
We observed recombination in cortical astrocytes and oligodendrocytes. Oligodendrocytes in the corpus callosum and fimbria underwent near-complete recombination, but only scattered oligodendrocytes in the anterior commissure underwent recombination. The anterior commissure forms within the subpallium (Cobos-Sillero et al., 2002) , whereas the corpus callosum and fimbria lie in the pallium. Thus, Emx1 ϩ pallial progenitors produce oligodendrocytes that specifically interact with axon tracts in the pallium, and Emx1
Ϫ progenitors produce subpallial oligodendrocytes. Our results are consistent with two models for the origin of oligodendrocytes: that oligodendrocyte precursor cells are restricted to neuroepithelium near the telencephalic-diencephalic junction or that all telencephalic neuroepithelium is able to generate oligodendrocytes (Timsit et al., 1995; Hardy and Friedrich, 1996; Birling and Price, 1998; Spassky et al., 1998) . Our data are consistent with the hypothesis that Emx1-expressing progenitors produce projection neurons, oligodendrocytes, and astrocytes, but not inhibitory interneurons, and supports the data indicating that radial glia are precursors for both cortical neurons and astrocytes (for review, see Chanas-Sacre et al., 2000) .
